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SUMMARY/OVERVIEW 


The  objective  of  the  present  program  was  to  study  the  structure  and  response  of 
laminar  premixed  and  nonpremixed  flames  with  emphases  on  effects  of  high  pressme, 
flame/flow  unsteadiness,  and  chemistry.  The  investigations  were  conducted  through 
laser-based  experimentation,  computational  simulation  with  detailed  chemistry  and 
transport  descriptions,  and  advanced  mathematical  analysis.  Phenomena  studied 
include  the  steady-state  structure,  burning  rate,  and  extinction  of  flames,  the  response 
to  impulsive  and  periodic  flow  field  strain  rate  variations,  the  development  of  intrinsic 
flamefront  pulsating  instability  and  its  relation  to  extinction,  and  studies  related  to  the 
development  of  detailed  and  simplified  chemical  kinetic  mechanisms. 

Specifically,  the  results  show  that  when  subjected  to  forced  oscillation,  the 
structure  of  a  planar  stretched  premixed  flame  is  minimally  affected  for  all  frequencies, 
while  that  of  a  diffusion  flame  is  unaffected  only  at  high  frequencies.  At  low 
frequencies  its  thickness  scales  inversely  with  the  square  root  of  the  stretch  rate.  It  was 
furflier  shown  that  the  heat  release  is  in  phase  with  the  imposed  stretch  rate  for  Le>l 
flames  and  out  of  phase  otherwise,  and  that  at  high  frequencies  extinction  is  either 
delayed  or  inhibited. 

In  terms  of  intrinsic  oscillation,  it  was  found  for  rich  hydrogen/air  premixed 
flames  that  pulsating  instability  and  subsequently  pulsation-induced  extinction  are 
triggered  before  the  state  of  the  flammability  limit  based  on  steady  flame  behavior,  and 
as  such  the  flammable  region  is  reduced.  The  instability  boundary  was  also  found  to 
be  well  described  by  the  Sivashinsky  criterion. 

Studies  on  combustion  chemistry  led  to  the  identification  of  a  correlation 
between  the  sooting  limit  of  diffusion  flames  with  the  peak  acetylene  concentration, 
and  the  establishment  of  an  extensively-validated  augmented  reduced  kinetic 
mechanism  for  methane  oxidation  which  has  been  progressively  gaining  recognition 
and  acceptance  in  the  simulation  of  turbulent  flames  and  combustors. 

These  results  are  expected  to  be  useful  to  the  general  interests  of  AFOSR  in  the 
fundamental  and  practical  issues  of  flame  dynamics  and  chemical  kinetics,  turbulent 
combustion,  soot  formation,  radiative  hear  transfer,  flame  extinction,  stabilization, 
flammability,  and  supersonic  combustion. 
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ACCOMPLISHMENT 


Highlights  of  the  accomplishments  can  be  found  in  the  annual  reports  submitted  to  the 
program  director,  as  well  as  the  journal  papers  which  have  appeared  in  print.  Thus 
only  a  very  brief  summary  of  these  works  are  mentioned  in  the  following. 

Unsteady  Flames 

The  study  of  unsteady  flames  can  be  considered  from  three  aspects  of  unsteadiness. 
The  first  is  the  response  of  a  flame  when  it  is  subjected  to  an  externally-applied 
unsteady  perturbation.  An  example  is  the  influence  of  the  fluctuating  flow  field 
generated  by  turbulent  eddies  on  the  flame  structure  and  the  propensity  for  the  flame 
to  extinguish.  The  second  is  the  development  of  intrinsic  pulsating  instability  and  the 
subsequent  behavior  of  such  a  flame.  The  third  is  the  coupling  between  the  externally 
applied  oscillation  on  an  intrinsically-pulsating  flame,  with  the  possibility  of  resonance. 
Diuing  the  reporting  period  the  effects  of  forced  oscillation  were  extensively  studied, 
while  fairly  good  understanding  on  intrinsic  oscillation  was  also  obtained.  The 
coupled  effects  of  forced  and  natural  oscillations  will  be  studied  soon. 

Regarding  forced  oscillation  (Publications  No.  1  to  5),  it  is  first  noted  that  when  a 
flame  is  subjected  to  an  unsteady  stretch  rate,  a  finite  response  time  is  needed  for  the 
flame  to  adjust.  If  the  imsteadiness  is  oscillatory,  the  ability  to  adjust  then  depends  on 
the  oscillation  frequency.  Specifically,  for  low-frequency  oscillations  for  which  the 
characteristic  oscillation  time  exceeds  that  of  the  flame  time,  the  flame  should  respond 
quasi-steadily.  However,  for  high-frequency  oscillations,  the  flame  does  not  have 
enough  time  to  respond  before  the  perturbation  reverses  direction,  and  as  such  the 
flame  response  loses  its  sensitivity  to  the  imposed  unsteadiness. 

Based  on  the  above  considerations,  it  is  therefore  expected  that  the  structure  of  a 
stretched  premixed  flame  should  be  very  insensitive  to  the  frequency  of  the  oscillation: 
at  low  frequencies  it  resembles  that  of  the  stationary  stretched  flame  and  hence  is 
almost  invariant  to  stretch  rate  variations,  while  at  high  frequencies  it  loses  its 
sensitivity  to  oscillation  an)rway.  Computational  simulation  of  near-equidiffusive 
coimterflow  flames  showed  that  there  is  minimum  change  in  the  flame  thickness,  and 
hence  the  flame  structure,  for  oscillations  over  an  extensive  range  of  frequencies. 

The  effects  of  nonequidiffusion  on  premixed  flames  are  manifested  for  low- 
frequency  oscillations.  Of  particular  interest  is  the  phase  relation  between  the  imposed 
stretch  rate  and  the  flame  temperature  and  thereby  the  heat  release  rate.  Since  the 
flame  temperature  increases  for  Le<l  flames  and  decreases  otherwise,  the  heat  release 
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rate  is  in  phase  with  the  imposed  stretch  rate  for  Le<l  flames,  but  is  out  of  phase  for 
Le>l  flames.  These  results  could  have  interesting  implications  in  combustion 
instability  in  combustion  chambers. 

For  diffusion  flames,  since  they  are  constrained  by  the  counter-diffusion  of  fuel 
and  oxidi2er,  they  do  not  have  the  flexibility  of  premixed  flames  to  move  around. 
Consequently,  the  characteristic  flame  time  is  that  of  the  flow  time,  which  in  the  case  of 
the  counterflow  flame  is  simply  the  stretch  rate  k.  Scaling  consideration  then  shows 
that  the  flame  thickness  should  vary  inversely  with  Pqi-  flames  subjected  to  an 
oscillatory  stretch,  the  flame  thickness  should  then  scale  inversely  with  for  low 
frequencies,  but  remain  insensitive  to  the  oscillation  for  high  frequencies. 

Regarding  extinction  of  an  oscillated  flame,  it  is  reasonable  to  anticipate  that  at 
low  frequencies,  a  steadily  burning  flame  would  extinguish  in  the  first  cycle  of  an 
oscillation  whose  perturbation  amplitude  exceeds  the  steady-state  extinction  strain  rate, 
while  at  high  frequencies  extinction  is  delayed  or  even  inhibited. 

Regarding  intrinsic  flamefront  unsteadiness,  the  primary  interest  here  is  the 
relation  of  flamefront  instability  to  flame  extinction.  Experimentally,  it  has  been 
observed  that  both  premixed  and  diffusion  flames  exhibit  either  cellular  or  pulsating 
instability  before  extinction.  Conceptually  this  is  reasonable  in  that  the  flame  is 
necessarily  very  weak  in  states  close  to  extinction,  while  the  development  of  instability 
is  also  favored  for  weak  flames  which  are  sensitive  to  flame  temperature  perturbations. 
The  important  question  here  is  that  if  extinction  occurs  when  the  flame  exhibits  either 
cellular  or  pulsating  instability,  then  how  relevant  are  the  predicted  results  on  the 
extinction  boundaries  based  on  non-cellular  and  steady  flames?  This  point  was  first 
investigated  by  considering  the  development  of  pulsating  instability  and  eventual 
extinction  of  the  otherwise  freely-propagating  planar  flame  with  radiative  heat  loss.  It 
was  found  that  for  rich  hydrogen/air  mixtures  that  with  gradual  increase  in  the 
equivalence  ratio  ((()),  the  propagation  mode  changes  from  steady,  to  pulsating  with  a 
single  frequency,  to  pulsating  with  period  doubling,  and  to  extinction.  Thus  the 
extinction  boimdary  should  be  that  of  the  pulsating  instead  of  the  steadily  propagating 
flame,  which  occur  at  <|)=7.8  and  10.2  respectively.  The  flammable  regime  is  therefore 
contracted.  Furthermore,  since  the  onset  of  flamefront  pulsating  instability  occurs  only 
for  mixtures  with  Lewis  number  greater  than  unity,  as  for  rich  hydrogen/ air  and  lean 
hydrocarbon/air  (for  hydrocarbons  heavier  than  the  C2  compounds),  the  flammable 
regime  for  the  combustion  of  such  lean  hydrocarbon  fuels  (e.g.  propane,  heptane, 
hexadecane)  can  be  substantially  contracted  by  considering,  correctly,  that  extinction 
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occurs  for  pulsating  instead  of  steady  flames.  This  result  is  expected  to  be  of 
substantial  practical  utility. 

This  work  is  reported  in  Publication  No.  6. 

High-Pressure  Rame  Structure 

It  was  demonstrated  in  earlier  atmospheric  pressure  studies  by  the  P.I.  that  the  flame 
structure  as  characterized  by  the  flame  thickness  of  a  freely-standing  premixed  flame  is 
basically  invariant  to  variations  in  the  aerodynamic  strain  rate  k,  while  that  of  a 
diffusion  flame  scales  with  k  In  the  present  study  (Publication  No.  7)  this  property 
was  experimentally  and  computationally  demonstrated  to  also  hold  for  higher 
pressures,  provided  that  the  strain  rate  is  density-weighted. 

In  a  second  study  (Publication  No.  8)  the  species  and  temperature  profiles  of 
near-sooting  counterflow  methane/air  and  propane/air  diffusion  flames  were 
experimentally  measured  and  computationally  simulated,  for  pressures  upto  five 
atmospheres.  A  particularly  interesting  result  is  that  the  flow  strain  rate  at  the  sooting 
limit  appears  to  correlate  well  with  the  peak  acetylene  concentration  for  the  ethylene 
and  propane  flames  tmder  all  pressures  studied.  This  demonstrates  the  importance  of 
acetylene  as  an  intermediate  species  in  soot  formation,  and  the  potential  of  achieving  a 
generalized  expression  for  soot  extinction  limits. 

Development  of  Chemical  Kinetics  Models 

Towards  the  end  of  the  present  program  a  concerted  effort  was  initiated  toward  the 
development  of  detailed  and  simplified  chemical  kinetics  models  for  hydrocarbon 
oxidation.  Publication  Nos.  9  and  10  involve  experimental  and  modeling  studies 
related  to  the  kinetics  of  heptane,  iso-octane,  and  propyne,  while  Publication  No.  12 
proposes  an  augmented  reduced  mechanism  (ARM),  consisting  of  12  lumped  steps  and 
16  species,  for  methane  oxidation.  The  performance  of  this  ARM  was  evaluated  by 
comparing  its  predicted  results  against  those  of  the  GRI-Mech  from  which  it  is  derived. 
The  comparison  was  conducted  for  a  great  variety  of  combustion  phenomena, 
including  auto  and  shock  tube  delays,  well-stirred  reactor  responses,  laminar  flame 
speeds,  and  ignition-extinction  responses  for  both  premixed  and  diffusion  flames,  over 
extensive  ranges  of  pressure  and  concentration  variations.  The  performance  has  been 
shown  to  be  superior. 
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Supersonic  Combustion 

The  ignition  in  the  supersonic  mixing  layer  of  hydrogen  versus  heated  air  was  studied 
both  analytically  and  computationally.  Results  show  the  importance  of  internal  heating 
due  to  viscous  slowdown,  and  the  crossover  temperature  which  defines  the  second 
explosion  limit  of  hydrogen/oxygen  oxidation. 
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